Nimotuzumab is a humanized anti-epidermal growth factor receptor IgG1 monoclonal antibody. This phase I study assessed the tolerability, safety, efficacy, and pharmacokinetics of nimotuzumab in combination with chemoradiotherapy in Japa- (1000 mg/m 2 on days 1-4) in the chemoradiation and additional chemotherapy periods. Radiotherapy was given concurrently at 50.4 Gy. A total of 10 patients were enrolled in level 1. Dose-limiting toxicities were observed in 2 patients (grade 3 infection and renal disorder). Maximum-tolerated dose was estimated to be at least 200 mg/wk and the dose was not escalated to level 2. The most common grade ≥3 toxicities were lymphopenia (90%), leukopenia (60%), neutropenia (50%), and febrile neutropenia, decreased appetite, hyponatremia, and radiation esophagitis (30% each).
| INTRODUCTION
The prevalence of esophageal cancer has been increasing in Japan and is higher than that in the USA or Europe. [1] [2] [3] Molecular-targeted drugs and chemotherapeutic agents for esophageal cancer have not been developed very actively as a result of the limited number of patients in the USA and Europe. Radical treatment, such as surgery and radiotherapy, is carried out in more than 60% of esophageal cancer cases. 4 However, local recurrence or distant metastasis occurs in approximately 30%-60% of cases of esophageal cancer. [5] [6] [7] Standard therapy for LAEC is neoadjuvant chemotherapy or CRT followed by surgery. Definitive CRT is a treatment option for resectable LAEC and standard therapy for unresectable LAEC patients. 8 The 5-year survival rate in patients with resectable stage II or III LAEC who underwent neoadjuvant chemotherapy or CRT followed by surgery is reported to be 55%-57%. 9, 10 However, mortality and morbidity of esophagectomy after intensive neoadjuvant therapy have been of concern in patients with esophageal cancer who usually have low nutrition status and poor general condition.
In a multicenter randomized controlled phase III trial (FFCD9901 trial; ClinicalTrials.gov: NCT00047112), preoperative CRT did not improve survival in patients with stage I or II esophageal cancer. 11 However, improved survival with CRT has been reported in some studies. For resectable stage II/III LAEC patients who receive definitive CRT, median overall survival and 3-year survival rate are reported to be 30 months and 45%-60%, respectively. 7, 12, 13 For unresectable LAEC patients who receive definitive CRT, the median overall survival and 2-year survival rate are reported to be approximately 10 months and 30%, respectively. [14] [15] [16] Despite the survival outcomes and acceptable tolerability of CRT, the incidence of local recurrence is high, and novel strategies are needed for CRT. 13 Introduction of new anticancer drugs, such as molecular targeted drugs, may improve the outcomes in LAEC patients who receive CRT.
EGFR is known to be overexpressed in a wide variety of human tumors and overexpression of EGFR is considered to be associated with a poor prognosis. 17 High levels of EGFR expression are reported in esophageal cancer, which makes this malignancy one possible target for anti-EGFR antibodies. [18] [19] [20] Suppression of distant metastasis and improvement of the local control rate are the main concerns for the treatment of locally advanced esophageal cancer, and CRT combined with anti-EGFR antibodies is therefore expected to become the new treatment option for locally advanced esophageal cancer. Nimotuzumab is a recombinant humanized IgG1 monoclonal antibody directed against EGFR. 21 Nimotuzumab binds to EGFR, thereby blocking the binding of EGF and TGF-a to EGFR, and eventually inhibiting the EGFR signaling pathway. Nimotuzumab has also been shown to have antibody-dependent cellular cytotoxicity activity and complement-dependent cytotoxicity activity. Through these activities, nimotuzumab is considered to cause cell cycle arrest, apoptosis induction, and inhibition of angiogenesis in tumor tissues. [22] [23] [24] Available clinical data for nimotuzumab support an enhanced antitumor effect in patients with head and neck cancer in combination with radiotherapy, and nimotuzumab has been reported not to affect the tolerability of combination therapy. 22 With high expression of EGFR, esophageal cancer is considered a potential target for nimotuzumab therapy, and nimotuzumab in combination with CRT is expected to improve the prognosis of esophageal cancer. The present study was conducted to confirm the tolerability of nimotuzumab in combination with cisplatin and fluorouracil CRT, which is the standard chemotherapeutic regimen used for the management of esophageal cancer, in Japanese patients with esophageal cancer.
| MATERIALS AND METHODS

| Eligibility criteria
All patients had histologically confirmed (using the UICC-TNM classi- 
| Treatment schedule
Overall treatment duration was up to 25 weeks. The treatment period consisted of 3 parts.
1.
A chemoradiation period (from day 1 to 4 weeks after the end day of radiotherapy): combination of nimotuzumab, cisplatin and fluorouracil chemotherapy, and radiotherapy.
2. An additional chemotherapy period (8 weeks after the chemoradiation period): combination of nimotuzumab and cisplatin and fluorouracil chemotherapy. Nimotuzumab was given at a dose of 200 mg (level 1), and the presence or absence of a DLT was confirmed during the chemoradiation period; nimotuzumab was then planned to be given at an increased dose of 400 mg (level 2) to a new treatment group. DLT evaluation was carried out on 6 patients at each level, and up to 10 patients were then enrolled at the same level to evaluate the safety during the entire study period. When fewer than 2 of 6 patients at a certain dose level had a DLT, dose escalation was planned to start after enrolling up to 10 patients. When 3 of 6 patients had a DLT, the decision on whether to enroll up to 10 patients was made in consultation with the DMC. Termination of dose escalation was planned when 4 or more of the 6 patients had DLT. MTD was estimated based on the status of DLT occurrence in 6 patients during the DLT evaluation period. Safety evaluation was carried out based on the AE that occurred in 10 patients at each level during the study period, and the MTD was finally determined by the DMC.
For patients who discontinued treatment prematurely owing to treatment-related toxicity, follow up was continued on a weekly basis until the associated toxicity was resolved. However, for patients who discontinued treatment for reasons other than treatment-related toxicity, follow up was continued until disease progression or the start of a new anticancer treatment.
| Evaluation of efficacy
The antitumor effect, complete response rate, overall response rate, PFS, and survival rate were evaluated. The antitumor effect was determined in accordance with RECIST version 1.1 combined with endoscopy of the primary esophageal tumor. 26 Complete response of a primary site was defined according to the criteria of Japanese Classification for Esophageal Cancer. 27 Patients were followed up at an interval of 3 months for the first 12 months after registration, every 4 months for 12-24 months after registration, and every 6 months for 24-36 months after registration.
| Pharmacokinetic analysis
Blood samples (3 mL) were collected prior to the first dosing and at 5 minute, 3 hour, 8 hour, 24 hour, 48 hour, and 72 hour after dosing on day 1, and prior to and 5 minute after dosing on days 8, 71, 85, 99, and 127. Serum concentration of nimotuzumab was analyzed using a validated ELISA method. The lower limit of quantification was 2 lg/mL. PK parameters after the first dose were calculated by a non-compartment analysis using Phoenix WinNonlin were estimated by linear regression after log e transformation of the concentrations.
| Immunogenicity
Serum samples for the analysis of HAHA were collected prior to the first administration, at the end of the chemoradiation period, at the end of the additional chemotherapy period, and during the follow-up assessment period. HAHA was tested for by using a validated ELISA method. 
| Statistical analysis
The planned sample size was 10 subjects at each level to evaluate the safety of nimotuzumab combined with cisplatin, fluorouracil, and radiation. OS was defined as the period between the initiation of treatment and death as a result of any cause. PFS was defined as the period between the registration and progression or death as a result of any cause. OS and PFS were estimated using the KaplanMeier method. All P-values are 2-sided, and 95% confidence intervals were calculated. Statistical analyses were carried out using SAS software version 9.4 (SAS Institute, Cary, NC, USA).
3 | RESULTS
| Patient characteristics
In total, 10 patients were enrolled and treated (December 2010 to April 2015). Baseline patient characteristics are summarized in Table 1 
| Safety
Dose-limiting toxicities were assessed in 9 subjects and infection and renal disorder (both grade 3) were reported in 2 patients under treatment with nimotuzumab at 200 mg (level 1) during the chemoradiation period ( Table 2 ). The frequency of DLT was 22.2%.
The frequency of DLT at 200 mg (level 1) satisfied the criteria for dose increase specified in the protocol and the MTD was estimated to be at least 200 mg. The dose was not evaluated at level 2 because there was an ongoing phase II study with a 200-mg dose, and this dose will be evaluated in a future phase III study.
The major AEs related to treatment are presented in Table 3 .
Grade 3 or higher AEs occurred in all 10 patients, and those with an incidence of ≥30% were lymphocytopenia (90%), leucocytopenia (60%), neutropenia (50%), and febrile neutropenia, appetite loss, hyponatremia, and radiation esophagitis (all 30%). Eight SAEs developed in 6 (60%) of the 10 patients, and included radiation esophagitis, gastric cancer, pain, herpes zoster, and bile duct cancer reported in 1 patient each, and anaphylactic reaction, laryngeal edema, and dyspnea reported in the same patient. All except 2 (pain and bile duct cancer) were related to the study drug and were followed until resolution. Late AEs related to radiotherapy occurred in 3 (30%) of the 10 patients and all were grade 1 radiation pneumonitis. In 1 patient, approximately 3 months after the start of the study, bile duct cancer was suspected based on CT images and laboratory data (ALP, AST, ALT, and GGT) and confirmed by high CA19-9 levels. There had been no sign of the cancer in the preenrollment imaging. The study treatment was discontinued, and the patient received gemcitabine hydrochloride for treatment of bile duct cancer. The patient died approximately 9 months after registration.
Two patients (20%) withdrew from the study treatment because of AEs during the chemoradiation period, which was the DLT evaluation period. One of them experienced an anaphylactic reaction, dyspnea, and laryngeal edema within 15 minute of receiving the initial dose of nimotuzumab, and therefore withdrew from the study treatment and was excluded from the analysis set. The other experienced renal disorder and radiation pneumonitis, and withdrew from the study treatment to proceed to post-anticancer treatment based on the investigator's judgment. There were no protocol deviations or grade 3 or higher skin and subcutaneous tissue disorders in this study.
| Efficacy
Efficacy findings are summarized in Table 4 . Two subjects did not undergo tumor evaluation after receiving the study drug; therefore, the efficacy analysis was conducted in 8 subjects. At the end of CRT and follow-up treatment, the overall response rate was 62.50%. 
| Pharmacokinetics
Pharmacokinetic parameters are summarized in Table 5 . Serum nimotuzumab concentration-time profiles following the initial dose and multiple doses are shown in Figures 1 and 2 , respectively. PK reached the steady-state within 70 days after the first dose. At the steady-state, PK was comparable to the previously reported values. 28 C max at steady-state was twice the C max after the first dose. The table shows only the adverse events observed in ≥3 patients, or of grade ≥3 in at least 1 case. "Skin and subcutaneous tissue disorders" and "Radiation-related toxicity" are shown regardless of number of events because of their relevance to the treatment.
T A B L E 1 Demographics and baseline characteristics of patients
| Immunogenicity
Of the 9 evaluable patients, all tested negative for the development of HAHA.
| Biomarkers
Results relating to biomarkers are shown in Table 6 . EGFR protein level in tumor tissues was 3+ in all 10 specimens provided by the patients. EGFR gene amplification levels could be measured in all 10 specimens provided by the patients, and gene amplification was not seen in any of the patients, although high polysomy was found in 3 patients. KRAS mutations in tumor tissues were not found in any of the 10 specimens. HER2 levels could be measured in 8 patients, and levels of 1+ and 0 were found in 2 and 6 patients, respectively.
| DISCUSSION
In this phase I study, we assessed the tolerability, safety, efficacy, and PK of nimotuzumab in combination with CRT in Japanese patients with esophageal cancer. At the time when 6 patients treated with nimotuzumab at 200 mg (level 1) completed the chemoradiation period, 2 patients were assessed to have DLT. Subsequently, up to 10 patients were enrolled and no AE falling under the criteria for dose increase were observed as DLT remained limited to 2 patients. Therefore, the frequency of DLT, the primary endpoint, satisfied the criteria for dose increase specified in the protocol, and the MTD was estimated to be at least 200 mg. The results are highly suggestive for a phase III study to be conducted at 200 mg/wk, the dose used in an ongoing phase II study. 29 Nimotuzumab was confirmed to be tolerated at 200 mg in this study, and the dose was not increased to 400 mg, taking into consideration the progress of the phase II study at the time when it had to be decided whether to increase the dose in this study, as well as the development plan including a phase III study.
In our study, a grade 3 anaphylactic reaction developed within 15 minute of giving nimotuzumab in a 63-year-old female patient.
Treatment with nimotuzumab and, subsequently, with cisplatin, fluorouracil, and radiation was discontinued. The patient was treated with glucocorticoids, antihistamines, and oxygen therapy and improved within 70 minute, and her recovery was further confirmed.
This patient withdrew from the study and was excluded from the MTD, per protocol, and PK analysis sets.
Unlike other anti-HER-1/EGFR monoclonal antibodies, such as cetuximab, weaker skin toxicity such as a lower incidence of skin rash is reported with nimotuzumab, a wholly recombinant humanized monoclonal antibody. 28, 30, 31 There were no SAE that occurred in 2 or more patients, and there was no trend towards an increased incidence of specific SAE. However, 1 patient was discovered to have bile duct cancer and subsequently died. This event was considered to be secondary cancer that occurred incidentally, and was assessed to be unrelated to the study treatment. Excluding 1 patient who had a fatal outcome, all patients who experienced SAE were confirmed to have recovered or to be recovering with drug treatment, hospitalization, or prolongation of the existing hospitalization. There was no report of grade 3 or higher AE that were classified as skin and subcutaneous tissue disorders in this study. Regarding skin-related AE, only grade 2 or lower alopecia, skin disorder, dermatitis acneiform, eczema, and nail disorder were reported and no delayed skin disorder was observed, indicating no significant concerns about skin disorders for this regimen.
Efficacy was evaluated based on the PFS and the survival rate during the follow-up period of 3 years in the present study. In 4 of the 10 patients with stage IV cancer, the median PFS was 13.9 months. The 1-year and 3-year survival rates were 62.5% and 37.5%, respectively. These results are comparable to those reported in previous studies, at lower stages of the disease. In previous reports of CRT in patients with stage II/III esophageal cancer, the median PFS and 3-year survival rate were reported to be 6-12 months and 23.9%-63.8%, respectively.
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In a phase II trial evaluating the additive effect of nimotuzumab to CRT in stage II to stage IV esophageal cancer (n = 42), PFS was High expression levels of EGFR may predict the long-term efficacy of nimotuzumab when used in combination with chemotherapy for metastatic esophageal squamous cell carcinoma. 35 In this study, EGFR was highly expressed in all patients. Ras mutation is known to be a marker of poor responses to anti-EGFR antibodies in colorectal cancer, but a low frequency of K-Ras mutations has been reported in esophageal cancer. 36 K-Ras mutations were not observed in this study cohort.
When compared to earlier reports of PK of nimotuzumab in Japanese patients, 28 a greater t max was observed in the current study. Blood sampling time points in the current study (end of dosing and 3 and 8 hour after dosing) differed from those in the earlier study (end of dosing and 1, 3, and 8 hour after dosing), resulting in the different findings.
Limitations of the present study include the small sample size and limited numbers (n = 4) of patients with stage IV disease. It will be necessary to verify the efficacy of this combination in further studies with an adequate sample size. Because of the small sample size, we cannot draw any conclusions about possible relationships between biomarkers and efficacy. It will be necessary to assess biomarkers in the next phase of development of nimotuzumab to evaluate which biomarkers can predict efficacy. Another limitation of this study is that the impact of concomitant treatment on MTD has not been assessed. In this study, nimotuzumab was used alone (during the additional chemotherapy and maintenance therapy periods) and in combination with chemotherapy and CRT. Stratification of AEs by concomitant therapy was not done. Further, the impact of target volume of radiation therapy on MTD was not assessed. In summary, 200 mg nimotuzumab weekly, in combination with concurrent CRT, is safe and well tolerated. In Japanese patients with esophageal cancer, the preliminary results of this treatment are encouraging.
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